A method for dramatically improving positioning accuracy of an indoor messaging system (IMES), whose accuracy is normally 10-20 m, was developed. This method uses Doppler shifts (produced by moving a receiver antenna) and three-dimensional attitude of the receiver to determine the receiver's position. Since trilateration is not used, positioning is possible even if the number of visible IMES transmitters is only one. A rotation-type Doppler-measurement system applying this method was developed. To evaluate the system, two experiments were conducted: in one, the rotation radius of a movable receiver antenna was varied; in the other, the position where positioning is conducted was varied. The experimental results show that the method can achieve centimeter-to decimeter-level positioning accuracy. As for design reference for setting up an IMES, the initial value of the non-linear least squares that converges to a proper solution was determined, and the influence of magnetic-declination error for the proposed positioning method was analyzed.
Introduction
Positioning technology is utilized for fields such as car navigation, surveying, and location-based advertising. As for positioning outdoors, the global positioning system (GPS) operated by the United States is the de facto standard. In addition to modernizing GPS, many countries (such as Russia, member states of the EU, and China) have recently launched and tested their own satellites. Consequently, the accuracy and availability of satellite positioning is being increasingly improved.
In contrast with technologies for outdoor positioning, many technologies for indoor positioning, such as wireless LAN [1] , optical methods [2] , ultrawide band (UWB) [3] , and an ultrasound system [4] , have been proposed, but none are prominent. Since these technologies have their strengths and weaknesses, it would be better to use them according to the situation (for more details, see [5] ).
Presently, in Japan, an "indoor messaging system" (IMES)for providing indoor location-based services such as security, mobile ads, and human navigation-is being developed as a part of Quasi-Zenith Satellite System (QZSS) [6] , [7] . IMES consists of transmitters that simply broadcast their fixed position by modulating it on the navigation message of a GPScompatible signal. The main advantage of IMES is that offthe-shelf GPS receivers can be used with minor change to their firmware. The hardware of IMES is identical to that of pseudolites. However, an IMES receiver does not use trilateration; instead, it simply decodes incoming signals to obtain the position assigned to each transmitter. IMES can thus avoid the
Related Works
This study is based on our previous work [9] except that the positioning method is improved; namely, a three-axis attitude sensor is used and, accordingly, a magnetic-coordinate system is incorporated in the positioning theory. An additional experiment in which measurement position was varied, an initialvalue analysis of the non-linear least-square method, and a simulation in terms of magnetic-declination error were conducted.
Both the previous and present works are closely related to Antti's work on Doppler positioning with GPS satellites [10] . In his work, the Doppler shifts produced by satellites' movement are used for positioning. However, in our works, the shift is produced by moving a receiver antenna because the transmitter is stationary. The fact that our positioning method does not use trilateration is also a primary difference between his work and ours.
A positioning method called "multilateration" may achieve similar performance to the proposed Doppler-positioning method. Multilateration determines the relative position be-JCMSI 0005/12/0505-0259 c 2011 SICE tween transmitter and receiver by using time difference of signals received by multiple receiver antennas. If it is used for IMES, three or more receiver antennas are arrayed with the interval less than half of the wavelength (95.1 mm), and phase difference of carrier waves is used as time difference of signal arrival. Both multilateration and the Doppler-positioning method have their strengths and weaknesses (Table 1 ) but, in the present work, the Doppler-positioning method is focused because it is cost-effective to develop and easy to implement. Since the methodology of Doppler positioning can partly be applied to that of multilateration, the research of multilateration is the next stage of the present work.
Doppler Positioning Method

Overview
An overview of Doppler positioning is given in Fig. 1 . Four types of coordinate system are defined: a local-coordinate system (LCS), a magnetic-coordinate system (MCS), a roomcoordinate system (RCS), and a world-coordinate system (WCS). For the WCS, a global coordinate system such as "earth-centered earth-fixed" (ECEF) or "local-east, north-up" (ENU), which can be used anywhere on the Earth, is used. The RCS is arbitrarily defined for each room and building, and the positions of the IMES transmitters are defined with respect to the RCS. Since the RCS is used for conveniently describing the position of objects indoors, it is possible to use the WCS directly instead of the RCS. One axis of the RCS, basically, should be parallel with the direction of gravity. The MCS is defined according to the direction of magnetic north and gravity; that is, its x-, y-, and z-axes respectively correspond to magnetic north, magnetic east, and gravity. (Magnetic north is not equivalent to the Earth's geographic North Pole; besides, it changes depending on place and time.) The MCS is necessary because an attitude sensor with a magnetometer is used for Doppler positioning. The LCS is fixed to a receiver; the position and velocity of a movable antenna are obtained in the LCS. To accomplish indoor-outdoor seamless positioning, the LCS, MCS, and RCS must be convertible to the WCS.
The goal of Doppler positioning is to determine the position of the receiver (i.e., the origin of the LCS) with respect to the RCS (WCS); the position to be determined is called "user's position" hereafter. The positioning procedure is described as follows. First, Doppler shift (i.e., the change (a scalar value) of the line-of-sight distance between the antennas of the transmitter and receiver in units of time) and the movable antenna's position and velocity are acquired in terms of the LCS. To obtain the Doppler shift, two synchronized receiver-modules are used: one is connected to a stationary antenna, and the other is a movable antenna. By subtracting the output of the stationary receiver module from that of the movable one, transmitter's and receiver's clock biases are canceled; accordingly, only the Doppler shift is extracted. The position and velocity of the movable antenna in the LCS are obtained from the encoder attached to the motor for each epoch. These LCS variables are first converted to MCS variables by using the attitude sensor attached to the receiver's body and, then, transformed to RCS variables by using the magnetic declination (i.e., angle between magnetic north and true north). The magnetic declination is basically obtained from external sources such as information provided by governments or, for more precise data, a measurement system specially developed for IMES. Lastly, the user's position in relation to the RCS is calculated.
Acquisition of Doppler Shifts
Normally, a GPS receiver outputs the carrier phase (also called "Doppler count"), φ, at epoch t + 1 as
where f in is the frequency of an incoming carrier wave, f L1 is the nominal GPS L1 frequency (1575.42 MHz), Δt is the time interval between each epoch, and is observation error. Here, f in includes receiver-frequency bias, δ f , transmitter-frequency bias, δF, Doppler shift, f dop , produced by a change in the geometric positions of the receiver and transmitter, and GPS L1 frequency. Accordingly,
If Δφ(t) = φ(t + 1) − φ(t) is defined, Eqs. (2) and (1) give
It is assumed that there are two synchronized receiver modules, A and B, of which A is moving while B remains still. The subtraction of Eq. (3) for B from Eq. (3) for A is given as
The relative geometric change of the moving receiver in the line-of-sight direction of the transmitter at epoch t is 
where λ L1 is the wavelength of the nominal GPS L1 carrier wave (about 190.3 mm). Here, d in Eq. (5) is referred to as "delta pseudorange" in a similar manner to that of the terminology of GPS. Figure 2 shows the vector diagram for each element in the RCS: the position of the movable antenna, r a , the position of the IMES transmitter, r t , the velocity of the movable antenna, v a , the observed delta pseudorange, d, obtained from Eq. (5), and the user's position to be determined, r u . From the geometric relationship depicted in this diagram,
Positioning Algorithm
Here,
where r R m is the rotation matrix that converts the MCS to the RCS (this matrix is derived from the magnetic declination), m R l is the rotation matrix that converts the LCS to the MCS (this matrix is obtained from the attitude sensor), and l v a and l r a are the velocity and position of the movable antenna in the LCS. For convenience, substituting Eqs. (7) and (8) into Eq. (6) gives
where L = r t − r R m m R l l r a . Equation (9) is called the "observation equation" hereafter. If the receiver operates during m epochs of time, m observation equations are acquired. If there are at least three linearly independent equations among them, three-dimensional vector r u can be determined.
To obtain r u from a redundant set of observation equations, a non-linear least-square method is used. The Newton-Raphson method (which is normally used for GPS) is used to linearize Eq. (9) as follows.
The non-linear term in Eq. (9) is first defined as
Its partial derivative with respect to r u is
If the initial value of the solution of r u is r u,0 = (x 0 , y 0 , z 0 ), and the second-and higher-order terms of the Taylor expansion of F(r u,0 ) are ignored, the first updated solution is represented as
Equation (9) therefore becomes
If Eq. (13) is acquired for each k observation, namely, k = 1 to m, it can be expressed in the following matrix form:
The matrix on the left-hand side of Eq. (14) is defined as G, called "geometry matrix" in GPS terminology, and the column vector on the right-hand side is defined as b. Equation (14) is then expressed as
If the estimated value of Δr u,0 is denoted as Δr u,0 , the solution to Eq. (15) is given as
The estimated position is then updated iteratively according tô
After this updating process is repeated several times, a sufficient approximate solution for the user's position,r u , is acquired. The dimensionality of the user's position possible to be calculated depends on how the receiver's antenna moves. Here, the number of dimensions that can be solved is determined by using the vectors of velocity and position of the movable antenna. At first, Eq. (11) is modified as
By means of the formula of vector triple product
Because of the two cross products in Eq. (19), ∂F(r u )/∂r u exists on the same plane as v a and L−r u , and is also perpendicular to L − r u (see Fig. 3 ). Since ∂F(r u )/∂r u is a row vector of matrix G, the number of ∂F(r u )/∂r u that are linearly independent (i.e., rank of G) equals to the number of dimensions that can be calculated.
As clear from Fig. 3 , if v a moves in one direction (e.g., using a linear slide), the number of linearly independent vectors of ∂F(r u )/∂r u is one; that is, one-dimensional user's position can only be calculated. If the set of vectors of ∂F(r u )/∂r u is diverse enough in each direction in three-dimensional space, three-dimensional user's position can be determined. However, even if v a moves in all directions in the three-dimensional space staying at a fixed antenna point r a , vectors of ∂F(r u )/∂r u remain at the same plane perpendicular to L − r u ; consequently, the dimensionality of calculated position becomes two. Therefore, not only v a but also r a needs to be a wide variety of values so that three-dimensional user's position can be determined.
Dilution of Precision
Under the Doppler-positioning scheme, as in the case of GPS, the magnitude of the estimated error is influenced by its geometry. According to the general ideas concerning GPS [11] , if it is assumed that the average of delta pseudorange error d in Eq. (15) is zero, and its variance is σ 2 d , the covariance matrix of Δr u is given as
If (G T G) −1 is defined as H, the dilution of precision (DOP) is expressed as the diagonal elements of H, where
Here, "D x " means the DOP for the x-coordinate (likewise, yand z-coordinates). From Eqs. (20) and (21), the variance of positioning error for each x-, y-, and z-coordinate is given by
Equations (22)-(24) show that as the value of DOP increases, the variance of the estimated position also increases. If the DOP for the x-y plane is defined as D h ,
Moreover, if the standard deviation of the estimated position on the x-y plane, σ xy , is defined as
from Eqs. (22)-(26), σ xy is expressed as
This equation means that if the standard deviation of the deltapseudorange error is known, σ xy can be deduced from the geometric relation between the transmitter and receiver. 
Positioning Experiment
Purpose
The purpose of the positioning experiment is to examine the achievable accuracy of the proposed Doppler-positioning method and the influence of changing the condition under which the antenna is moved. Particularly, two experiments varying the different conditions are conducted; in one, the rotation radius of a movable receiver antenna is varied; in the other, the position where positioning is conducted is varied. The former evaluates the influence of the geometric diversity created by antenna movement on the positioning result, and the latter evaluates the influence of the relative distance and angle between transmitter and receiver.
Devices Used for Doppler Positioning
The same transmitter and receiver used in our previous research ([9] ) were used in the Doppler-positioning experiment (Fig. 4) . The transmitter transmits a C/A code modulated on the GPS L1 band, and the receiver is composed of two GPS receiver modules synchronized by a common external clock. As the receiver module, SUPERSTAR II TM from NovAtel Inc. is used with modification of its firmware.
A rotation-type movable antenna unit was developed ( Fig. 5 ). This unit rotates the bar mounted on it clockwise or counterclockwise through a maximum of 360 degrees. A rotation-type antenna was chosen instead of a linear-sliding type because it can generate two-dimensional movement with one degree of freedom. The rotation stops when a "cycle slip" occurs (i.e., the receiver fails to track the carrier wave). At that time, a stepby-step 10-degree rotation movement automatically starts. If the receiver can track the carrier wave again during the stepped movement, the continuous rotation re-starts.
As for the attitude sensor, a 3DM-GX3 R -25 from MicroStrain Inc. was used. Since it includes a triaxial accelerometer, a triaxial gyro, and a triaxial magnetometer, threedimensional attitude (i.e., Euler angles) can be acquired without any drifts. According to the specification of the sensor, its orientation accuracy is within +/− 0.5 degrees (two sigma), which is typical for static conditions.
To check the validity of the Doppler-positioning system by comparing experimental results with theoretical values, a sim- 
Preliminary Experiment
To evaluate the accuracy of delta pseudorange described in Eq. (5), a preliminary experiment was conducted. The receiver antenna was attached on a linear guide, and the transmitter was placed on the sliding-axis of the linear guide. During the experiment, the receiver antenna first remains still for about one minute. It then was moved in the line-of-sight direction of the transmitter, making five round trips of 300 mm at velocity of 30.0 mm/s. Figure 6 
Setup and Procedure
Figures 7 and 8 respectively show the experimental setup and its appearance. The position to be determined is the user's position (i.e., the origin of the LCS) with respect to the RCS. The coordinates of the transmitter antenna in the RCS are set to (0, 0, and −2610) (in millimeters). The stationary receiver antenna is placed near the movable receiver antenna. (In the proposed method, the stationary antenna can be arbitrarily placed because it is used only for canceling the clock errors of transmitter and receiver as described in Eq. (4)) All axes of the LCS are manually adjusted to the direction of those of the RCS; accordingly, the rotation angle around the z-axis of the transform from the LCS to the MCS almost equals that from the MCS to the RCS. As a result, the output of the attitude sensor also can be used as the value of magnetic declination. Magnetic-declination error is thus approximately zero. (A simulation in which the magnitude of this error varies is discussed in Section 5.3.)
Two experiments (for convenience, called "A" and "B" hereafter) were conducted. In experiment A, six measurements (the measured data are described in the next paragraph) were conducted while the rotation radius of the movable antenna was varied, i.e., 30, 60, 100, 150, 200, and 250 (all in millimeters). The user's position in the RCS was fixed at position (−2000, 0, and −973). In experiment B, six measurements were also conducted while the user's position on the x-axis of the RCS (RX in Fig. 7) was varied, i.e., 0, −1000, −2000, −3000, −4000, and −5000 (all in millimeters), while the rotation radius was fixed at 250 mm. (Hereafter, the minus sign of RX is omitted to rep- resent not the position but the distance between the transmitter and user (receiver) on the x-y plane.)
For each measurement, the antenna was rotated 360 degrees clockwise and counter-clockwise alternately for ten round trips at rotation velocity and acceleration of 4 rpm and 4 rpm/s, respectively. The followings data were acquired: carrier phase (used to derive delta pseudorange) and carrier-to-noise density ratio (C/N0) of the two receiver modules (stationary and moving ones), three-dimensional attitude of the receiver, current rotation angle, and number of cycle slips experienced by the movable receiver module. C/N0 was used to filter noisy data, and its threshold was set to 35 dB-Hz.
Results
The two-dimensional position of the receiver on the x-y plane of the RCS was estimated for each measurement of experiment A and B by using the algorithm introduced in Section 3. (The three-dimensional position of the receiver could not be determined, for the reason discussed in Section 5.1.) Figures 9 and 10 show the results of experiments A and B. The vertical axis is the square-root of positioning error in the x-y plane of the RCS (i.e., (error on x) 2 + (error on y) 2 ). The large dots in the graphs are positioning error estimated from the observables of all ten round trips, and the small dots are the positioning error for each round trip. As seen in the figures, positioning error and its variance increase as rotation radius and distance respectively decrease and increase. As shown in Fig. 9 , some irregular cases, such as rotation radii of 100 and 200 mm, were also observed. The smallest positioning error among the large dots for each experiment A and B are respectively 91.3 mm at the radius of 250 mm and 29.2 mm at the simulated σ xy . As shown in the graphs, the actual values are in accordance with the rising and falling curves derived by the simulation. Tables 2 and 3 list the number of cycle slips experienced by the movable receiver module. Comparing the values listed in Tables 2 and 3 with the measured values in Figs. 9 to 12 shows that cycle slip affects positioning error, especially when it happens frequently.
Discussion
Discussion of Experimental Results
For the setup in this experiment, to determine threedimensional position was impossible because the inverse matrix in Eq. (16) could not be calculated. This shows that the rank of the geometry matrix G in Eq. (15) was less than three. Figure 13 represents the row vectors of the geometry matrix obtained in the experiment in the case of the rotation radius of 250 mm and the user's position on the x-axis of the RCS of −2000 mm. This figure shows that all vectors are almost on the same plane; thus, the rank of the geometry matrix is two. Clearly, if the movable antenna moves not on the x-y plane but in three-dimensional space, the rank becomes three and, as a result, three-dimensional positioning is possible.
Irregular values of positioning error, such as in the cases of rotation radii of 100 and 200 mm, are observed in Fig. 9 . To determine the reason for these irregular values, the relation between observed delta pseudorange (described by Eq. (5)) and the position of the receiver's antenna is plotted in Fig. 14; the cases of rotation-radii of 250 and 150 mm (giving good results (i.e., low positioning error)) are compared to the cases of 200 and 100 mm (giving relatively poor results (i.e., high positioning error)). The vertical axis of the graph is measured delta pseudorange, and the horizontal axis is the y-coordinate of the position of the movable antenna in the RCS (see Fig. 7 ). The absolute value of delta pseudorange should be a maximum when the antenna is moving on the line-of-sight of the transmitter, and it should be zero when the antenna is moving perpendicular to the line-of-sight. Accordingly, the delta pseudorange should be strongly correlated to the y-coordinate of the antenna position both negatively and positively. As shown in Fig. 14, in the case of rotation radius of 200 mm, the correlation does not hold, especially on the right-hand side of the figure. In the 100mm case, some irregular plots are observed. In consideration of the number of cycle slips listed in Table 2 , it is likely that the signal condition was worse in the cases of rotation radii of 200 and 100 mm; accordingly, the receiver temporarily tracked a multi-path signal when it missed the direct signal.
There is no special meaning regarding the result that cycle slips occurred frequently in the case of rotation radii of 200 and 100 mm, although these figures are close to the wavelength of GPS L1 band (190.3 mm) and its half. Cycle slips occur basically at the place where the signal strength is weak due to interference of radio waves and noise; that is, the occurrence of cycle slips depends on the measurement point [12] . In some experiments conducted in other places, the tendency of cycle slip occurrence was different from that in this experiment. As shown in Figs. 11 and 12 , the actual values of σ xy are in accordance with the rising and falling curves derived by the simulation. The graphs also show that the actual standard deviation of the delta pseudorange, σ d , is largely within the range of 2 to 6 mm. This result is consistent with that of the preliminary experiment (i.e., σ d is 5.2 mm in moving state). This means that σ xy under various geometric conditions (such as the size of the movable receiver and alignment of the transmitters) can be predicted by simulation using a σ d value of 5.2. It also implies that the system design of IMES can be optimized according to the results of the simulation.
Initial Value Analysis
In the proposed method, a non-linear least squares (NLLS) is used to calculate the user's position. In order to obtain a proper solution by using NLLS, the initial value of the iterative process for updating the solution (i.e.,r u,0 in Eq. (17)) has to be set properly. As for GPS, the initial value is basically set to the coordinate of the center of the Earth, and it sufficiently converges to a proper solution. However, in the case of the proposed method, unlike GPS, spatial diversity of moving the an- tenna is small (e.g., the maximum rotation radius was 250 mm in this experiment) compared to the range of positioning area (e.g., +/− 5000 mm); accordingly, the range of the initial value of NLLS that converges to a proper solution is likely to be very small. The initial value that converges to a proper solution is analyzed below. The data obtained in the experiment was used for the analysis. The initial value of the NLLS was in turn set from −5000 to 5000 mm in steps of 500 mm and evaluated to determine whether or not it converges to a proper solution. Figure 15 compares the convergence of the solution between the cases with small and large rotation radii when the user's position is −2000 mm. Figure 16 compares the cases with two different user positions (near and far) when the rotation radius is 250 mm. The position of transmitter is at the center of each picture (x = 0 and y = 0). The gray areas in Figs. 15 and 16 show initial values that converge to proper solutions. For each figure, initial values represented by the gray area converge to the same value, shown as large dots in Figs. 9 and 10 . According to these figures, the range to converge to proper solutions is not so large; however, if the initial value is set to the transmitter's position, it almost certainly converges to a proper solution. Consequently, initial-value tuning according to the situation is unnecessary.
Simulation of Magnetic Declination Error
As mentioned in Section 4.4, in the present work, the output of the attitude sensor was also used as magnetic declination; accordingly, magnetic-declination error was ignored in the experiment. Since the magnetic declination, which is basically supposed to be obtained from external sources such as information provided by governments or a dedicated device for this purpose, varies according to place and time, it might be one of the largest error sources for the proposed method. As described in Section 3.1, the z-axis of the MCS is parallel to that of the RCS (which is also parallel to the direction of gravity); there- fore, the rotation matrix r R m in Eqs. (7) and (8) gives the rotation around the z-axis. Magnetic-declination error influences this rotation. The influence of magnetic-declination error on positioning error was simulated. Under the assumption that there is no error source other than magnetic declination, positioning was simulated by adding magnetic-declination error (from −10 to 10 degrees) to r R m in Eqs. (7) and (8) . With the same setup as the experiment shown in Fig. 7 , six measurements with different user positions, namely, 0, −1000, −2000, −3000, −4000, and −5000 (all in millimeters), were simulated. Figures 17 and 18 show the positioning error of the x-and y-coordinates, respectively. Since positioning is conducted under the ideal condition in this simulation, when the magneticdeclination error is zero, positioning error is also zero. As seen in the graphs, the magnetic-declination error strongly influences the positioning error, especially for the y-coordinate (i.e., the vertical direction to the line-of-sight of the transmitter). These graphs can be used, in future work, as a reference to devise a method for obtaining magnetic declination.
Concluding Remarks
For high-accuracy IMES localization, the proposed Dopplerpositioning method achieved centimeter-to decimeter-level accuracy. Accordingly, IMES can be used not only for locationbased services for people but also for controlling and monitoring vehicles such as mobile robots and cars. However, the proposed method has one drawback; that is, when the positioning is conducted, the receiver must be still, because the least-squares method, which calculates the position as a post-processing after gathering data for enough epochs of time, is used. Aiming to achieve real-time positioning even while the receiver is moving, future work will incorporate a dynamic state estimator (such as a Kalman filter) and other sensors (if necessary) in the Doppler positioning. 
